Hastings RH, Montgrain PR, Quintana R, Rascon Y, Deftos LJ, Healy E. Cell cycle actions of parathyroid hormone-related protein in non-small cell lung carcinoma. Am J Physiol Lung Cell Mol Physiol 297: L578 -L585, 2009. First published July 24, 2009 doi:10.1152/ajplung.90560.2008.-Parathyroid hormone-related protein (PTHrP), a paraneoplastic protein expressed by two-thirds of human non-small cell lung cancers, has been reported to slow progression of lung carcinomas in mouse models and to lengthen survival of patients with lung cancer. This study investigated the effects of ectopic expression of PTHrP on proliferation and cell cycle progression of two human lung adenocarcinoma cell lines that are normally PTHrP negative. Stable transfection with PTHrP decreased H1944 cell DNA synthesis, measured by thymidine incorporation, bromodeoxyuridine uptake, and MTT proliferation assay. A substantial fraction of PTHrP-positive cells was arrested in or slowly progressing through G1. Cyclin D2 and cyclin A2 protein levels were 60 -70% lower in PTHrP-expressing cells compared with control cells (P Ͻ 0.05, N ϭ 3 independent clones per group), while expression of p27 Kip1 , a cyclin-dependent kinase inhibitor, was increased by 35 Ϯ 9% (mean Ϯ SE, P Ͻ 0.05) in the presence of PTHrP. Expression of other cyclins, including cyclins D1 and D3, and cyclin-dependent kinases was unaffected by PTHrP. PTHrP did not alter the phosphorylation state of Rb, but decreased cyclin-dependent kinase (CDK) 2-cyclin A2 complex formation. Ectopic expression of PTHrP stimulated ERK phosphorylation. In MV522 cells, PTHrP had similar effects on DNA synthesis, cyclin A2 expression, pRb levels, CDK2-cyclin A2 association, and ERK activation. In summary, PTHrP appears to slow progression of lung cancer cells into S phase, possibly by decreasing activation of CDK2. Slower cancer cell proliferation could contribute to slower tumor progression and increased survival of patients with PTHrP-positive lung cancer.
PARATHYROID HORMONE-RELATED protein (PTHrP) is a paraneoplastic protein that is expressed in a wide variety of malignant and normal tissues. Its predominant functions relate to development, growth, smooth muscle tone, and calcium transport. In cancer, PTHrP is best known as the mediator of the syndrome of hypercalcemia of malignancy. PTHrP and parathyroid hormone (PTH) share primary and secondary sequence elements in their amino termini (19) . Consequently, the two hormones bind to a common receptor, the type I PTH/PTHrP receptor (PTH1R), and elicit indistinguishable responses in cells and tissues bearing that receptor, including bone resorption by osteoclasts and decreased clearance of calcium by the kidney (33) . PTH1R is a G protein-coupled receptor that exerts effects through cAMP, protein kinase A, protein kinase C, intracellular calcium, and nitric oxide pathways (1, 18, 26) .
In addition to regulating calcium homeostasis, PTHrP also exerts effects on cell proliferation, apoptosis, motility, and invasiveness (6, 10, 31, 34) , processes that contribute to the aggressive characteristics of malignancies and modify the propensity for a cancer to metastasize. These effects vary with cancer type and context and can alternatively augment or diminish the malignant phenotype. PTHrP expression results in more rapid progression in animal models of Leydig cell tumors and prostate cancer (6, 31) and is associated with worse outcomes in patients with gliomas (28) . In contrast, the protein has been associated with improved survival in women with breast cancer (15, 16) and reduced tumor recurrence in renal cell carcinoma (17) . PTHrP is produced in roughly two-thirds of human non-small cell lung carcinomas (NSCLC) (12) and could play a role in tumor progression or prognosis for that disease. In fact, we have demonstrated that PTHrP has autocrine effects in reducing lung carcinoma growth in mice (11) , and that it is associated with longer survival in patients with NSCLC (12) .
The mechanisms that PTHrP could engage to regulate lung cancer progression have not been established. PTHrP causes a dose-dependent reduction in proliferation of BEN lung carcinoma cells (11) , so an antimitogenic effect could be involved. The effect is small in BEN cells, however, probably because the cells produce significant quantities of PTHrP, limiting the impact of exogenous treatment with the hormone. Recently, we discovered that human H1944 lung adenocarcinoma cells express PTH1R but not PTHrP. Thus experimental manipulations of PTHrP can be compared with a background state with no endogenous hormone, providing an ideal model for studying the effects of PTHrP. In this paper, we have tested the growth effects, evaluated the signal transduction pathways, and investigated the growth modulators that are regulated by PTHrP in H1944 and MV522 lung carcinoma cells.
MATERIALS AND METHODS

Materials.
Primary antibodies for CDK1 (cyclin-dependent kinase 1), CDK2 (sc-163 and sc-6248), CDK4, cyclin A2 (sc-53230 and E67.1), cyclin B1, cyclin D1, cyclin D2, cyclin D3, cyclin E2, extracellular signal-regulated kinase 1 (ERK1), phosphorylated ERK1/2, p27, phosphorylated and total retinoblastoma protein (Rb), p130 and p107, secondary antibodies, small interfering RNA (siRNA) for human p27 (sc-29429), nonsilencing siRNA, protein A/G plusagarose bead, RIPA lysis buffer, and immunocytochemical reagents came from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies for phosphorylated and total Src were purchased from Cell Signaling Technology (Danvers, MA). The PTH1R antibody was obtained from Covance, (Princeton, NJ). [ 3 H]thymidine was a product of Perkin Elmer (Waltham, MA). The University of California San Diego (UCSD) Cell Culture Facility provided cell culture media and reagents.
Cell culture. NCI-H1944 human lung adenocarcinoma cells were obtained from ATCC (Manassas, VA). MV522 human lung adenocarcinoma cells were a gift of Nissi Vaarki (UCSD). The cells were grown in RPMI-1640 plus 10% fetal bovine serum in an atmosphere of 5% carbon dioxide. To induce PTHrP expression, cells were transfected with a pciNeo-PTHrP 1-87 expression plasmid with a cationic liposome method, as previously described (27) . Control cells received empty vector. Nontransfected cells were eliminated by incubation with a lethal dose of G418. Colonies were isolated by pipette tip picking, expanded, and screened for PTHrP by immunoassay of media for PTHrP 1-34.
We chose to transfect PTHrP 1-87 rather than the full-length protein, PTHrP 1-141, to focus on the effects of the amino terminal portion of the molecule containing the ligand for PTH1R. The PTHrP 1-87 expression plasmid drives production of high levels of protein, while shorter plasmids coding for peptides containing PTHrP 1-34 express very little PTHrP (5). Details concerning plasmid construction have been published (5) .
PTHrP immunoassay. PTHrP was assayed in conditioned media and lysates of lung cancer cells by our own radioimmunoassays, using antibodies directed against PTHrP 1-34, PTHrP 38-64, and PTHrP 109-141, as described previously (13, 24) .
RT-PCR. RNA was isolated from lung cancer cells with the RNeasy mini kit (Qiagen, Valencia, CA) and used as template to produce cDNA with murine moloney leukemia virus reverse transcriptase (Invitrogen, Carlsbad, CA). A sequence for PTH1R was amplified from the cDNA by Hot Star Taq DNA Polymerase (Qiagen) using primers 5Ј-GACAGCAATGGCAGCTGG-3Ј (forward) and 5Ј-GAGTAGAGCACAGCGTCC-3Ј (reverse). The PCR protocol consisted of initial Taq activation at 95°C for 15 min, followed by denaturing at 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min over 40 cycles. The protocol concluded with an additional extension cycle at 72°C for 10 min. The amplification yielded a product of 300 nucleotides, as expected.
Quantitative PCR. For quantitative PCR, cDNA was amplified on an ABI Prism 7000 real-time PCR machine using SYBR green I dye detection. The relative cDNA ratios were calculated from threshold cycles by the Pfaffl method (30) using the value of threshold cycles. The threshold for cDNA from control cells was the comparator, and the reference gene was ␤-actin. Primers (RealTimePrimers.com) were forward 5Ј-ACA GTA AAC AGC CTG CGT TC-3Ј, reverse 5Ј-AAGAGGGACCAATGGTTTTC-3Ј for cyclin A2; forward 5Ј-TGATGGGGAAGGAGTACAAA-3Ј, reverse 5Ј-TTGGAAGAAGAAG-CAGGATG-3Ј for cyclin D2; and forward 5Ј-TCAAACGTGCGA GTGTCTAA-3Ј, reverse 5Ј-CCACTCGTACTTGCCCTCTA-3Ј for p27.
Thymidine incorporation assay. Cells were plated at 4 ϫ 10 5 cells/well in 24-well plates and studied at 60 -70% confluency. After 24-h synchronization in media ϩ 0.2% BSA, cells were washed and then exposed for 4 -24 h to growth media ϩ 0. MTT assay. Cells were plated at 5,000 cells/well in 96-well plates in growth media, allowed to adhere for 18 h, and replenished with fresh media. At 1, 2, and 4 days after plating, assays were stopped, and cell quantity was assessed based on staining with 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolim bromide (MTT) using a kit (Chemicon, Temecula, CA). Optical absorbance was measured at 570 nm with a Victor 1420 Multilabel plate reader (Perkin Elmer). Cell numbers were calculated based on a standard curve obtained by staining a known numbers of cells.
siRNA transfection. Cells were plated in 24-well plates at 40 -50% confluence in 500-l growth medium without antibiotics. For each transfection, 20 pmol of siRNA oligomer in 50 l of serum-free cell medium was mixed with 1 l Lipofectamine 2000, diluted 1:50, and incubated for 20 min at room temperature. The complex was then added to the well with cells and medium and incubated cells at 37°C 48 h before measuring gene knockdown.
Immunoblots. Equal quantities of cell lysate protein were applied to Criterion 4 -12% Bis-Tris gels (Bio-Rad, Hercules, CA), separated by electrophoresis, and transferred to polyvinylidene fluoride membranes. Membranes were blocked with 10% nonfat dry milk for 1 h at room temperature, probed with primary antibodies overnight at 4°C, and exposed to goat anti-mouse or goat anti-rabbit IgG-horseradish peroxidase secondary antibodies for 1 h at room temperature. Chemiluminescence was elicited by treatment with SuperSignal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL), and recorded with the UVP BioSpectrum 410 imaging system (Upland, CA). Band densities were analyzed with ImageJ software (National Institutes of Health).
Immunoprecipitation. Pelleted cells were lysed in 2 ml RIPA lysis buffer by barbottage back and forth through a 22-gauge needle and syringe. Nuclear debris was pelleted, and the lysate was precleared by adding 20 l protein A/G plus agarose beads with 1 g control IgG, corresponding to host species of primary antibody. Sample protein concentration was determined by bicinchoninic acid protein assay to aliquot 500 g cellular protein for immunoprecipitation. This quantity of protein was mixed with 10 l primary antibody and 20 l protein A/G plus agarose beads, placed on shaker, and incubated overnight at 4°C. Beads were pelleted, washed 4ϫ with PBS, and boiled for 3 min in 40 l electophoresis buffer. Beads were then pelleted, and 20 l of supernatant were used for Western immunoblot analysis.
Statistics. Mean measurement values for experimental and control groups were compared by t-test or ANOVA (StatView 4.5, Abacus Concepts). Statistical significance was accepted at P Ͻ 0.05.
RESULTS
PTHrP and PTH1R expression. PTHrP levels in conditioned media and lysates from wild-type H1944 cells were below the limit of detection, roughly 70 pg/ml for a 100-l sample, of our PTHrP immunoassays. No PTHrP could be detected in conditioned media, even after 72-h incubation with nearly confluent H1944 cells. Using standard lipofection methods and selection with G418, we produced several stable clones of H1944 cells that expressed high levels of PTHrP and control clones transfected with empty vector that produced no measurable hormone (Fig. 1A) . PTHrP production over 24 h averaged 3,300 Ϯ 800 pg (range 900 -6,100 pg) in five clones transfected with the PTHrP plasmid. For comparison, the output of BEN squamous lung carcinoma cells, which are considered high producers of PTHrP (2), was only 800 Ϯ 100 pg under similar conditions and confluency over the same time period (P Ͻ 0.01). The PTHrP-transfected H1944 clones have continued to express high levels of PTHrP over several months and passages.
Although they do not make PTHrP, H1944 cells express the receptor for PTHrP, PTH1R. The cells contain PTH1R mRNA and protein by PCR and immunoblot, respectively (Fig. 1B) . Thus the cells could potentially respond to PTHrP as a paracrine growth factor.
Effect of PTHrP on cell proliferation. We used 24-h thymidine incorporation to screen the PTHrP-negative and PTHrPpositive lung cancer clones for effects of PTHrP on DNA synthesis. The PTHrP-producing clones incorporated thymidine into DNA at a slower rate than the PTHrP-negative H1944 preparations, ranging from 29 to 63% of the control rate. On average, thymidine incorporation in the PTHrP-positive cells was 43 Ϯ 7% as fast as incorporation in control clones ( Fig. 2A , P Ͻ 0.001). PTHrP also slowed the rate of incorporation of BrdU into cellular DNA. After either 2 or 24 h of incubation with BrdU, the percentage of PTHrP-expressing lung cancer cells that were BrdU-positive was less than one-half the percentage of control cells that had taken up BrdU in the same time period (Fig. 2B ). Close to 100% of the PTHrP-negative H1944 cells contained BrdU in their DNA at 24 h, compared with Ͻ50% of the PTHrP-positive cells. To corroborate the results of the DNA synthesis assays, we also measured cell proliferation with the MTT assay. After plating at 4,000 cells/well on day 0, cell numbers rose progressively at day 1 and day 2, ultimately reaching 57,000 Ϯ 4,000 cells/well at day 4 (n ϭ 5 clones) for the PTHrP-negative vector clones and 28,000 Ϯ 4,000 cells/ well for the PTHrP-positive cells (P Ͻ 0.01 vs. vector controls, n ϭ 4 clones) (Fig. 2C) . Cell numbers for PTHrP-positive clones were no greater than 50% of the numbers for the controls at each of the time points.
Effect of PTHrP on cell cycle distributions. By flow cytometry, PTHrP-negative and PTHrP-positive clones exhibited roughly the same percentages of cells in G 0 /G 1 , S, and G 2 /M phases (Fig. 3A) . Thus PTHrP did not slow proliferation by changing the distribution of cells among cell cycle phases. A subdiploid plateau, indicating apoptosis, was not present for either experimental group.
To gather information about the effects of PTHrP on progression through cell cycle phases, we incubated cells with BrdU for 24 h and compared BrdU content vs. DNA content. As already noted, over 90% of the cells from the vector control clones incorporated BrdU over 24 h, demonstrating that they were actively progressing through the cell cycle. The BrdUnegative cells (horizontal lines on bivariate plots) represented a small fraction of the total, and most of these were found in G1 (Fig. 3B) . In contrast, a substantial population of cells was BrdU negative for the PTHrP-expressing clones, indicating that the cells had not synthesized DNA during the test period. Again, the BrdU-negative cells were predominantly in G1 phase, but at a much higher percentage than seen with the control clones, roughly 42% of the total (P Ͻ 0.05). BrdUnegative cells were also slightly more frequent in G 2 /M, apparently blocked in that phase, for the PTHrP group compared with controls.
Flow cytometry revealed another difference between the PTHrP-negative and PTHrP-positive H1944 cells. The PTHrPpositive cells demonstrated significantly less forward scatter than the control cells (Fig. 3C) , suggesting that PTHrP-expressing cells were smaller than the PTHrP-negative controls.
Effect of PTHrP on cell cycle proteins. Because PTHrP expression appeared to be associated with a block or slower transition through G1, we next investigated whether the protein affected expression of CDK and associated proteins that regulate cell cycle progression. Cyclin D2 and cyclin A protein levels were 60 -70% lower in PTHrP-expressing cells compared with control cells (P Ͻ 0.05, N ϭ 3 independent clones per group), but cyclins B1, D1, D3, and E2 were unchanged (Fig. 4A) . Expression of p27
Kip1 was increased by 35 Ϯ 9% (mean Ϯ SE, P Ͻ 0.05) in the presence of PTHrP (Fig. 4B) . CDK1, CDK2, and CDK4 were unaffected by PTHrP. Although PTHrP affected protein levels for cyclin A2, cyclin D2, and p27, we did not observe similar effects on mRNA measured by PCR. The relative abundance of cyclin A2, cyclin D2, and p27 transcripts in PTHrP-positive cells compared with controls was 1.4 (0.9 -2.1), 1.1 (0.7-1.9), and 0.9 (0.8 -1.1)
[mean (95% confidence interval)], respectively, not significantly different than 1.
Cyclin D may regulate the activity of CDK4 and CDK6, while p27 may inhibit activity. Therefore, we measured the effects of PTHrP on phosphorylation of Rb, a regulator of G1 progression that is a target CDK4 and CDK6 (22) . However, ectopic expression of PTHrP had no effect on the phosphorylation state of Rb in H1944 cells, nor did it alter expression of the related pocket protein family members, p130 or p107 (data not shown). Since cyclin A can activate CDK2, we evaluated the effects of PTHrP on association of those two proteins. PTHrP caused a 25-75% decrease in the quantity of cyclin A2 that could be immunoprecipitated with CDK2 (Fig. 5) , but had no effect on cyclin E2-CDK2 association (data not shown).
We treated PTHrP-positive H1944 cells with siRNA against p27 to investigate whether p27 had a role in the reduced proliferation due to PTHrP. SiRNA treatment resulted in a 70% knockdown of p27 levels. Decreased p27 expression was associated with a 60 Ϯ 15% increase in the Rb phosphorylation and a 15 Ϯ 1% increase in thymidine incorporation (Fig. 6) .
PTHrP signaling effects. We evaluated H1944 cells for activation of Src and ERK signaling, two pathways known to regulate proliferation, with immunoblots for the phosphorylated forms of those kinases. PTHrP-positive cells contained higher levels of phosphorylated ERK than did the PTHrPnegative controls (Fig. 7A ), but the extent of Src phosphorylation was unaffected. We investigated whether cAMP, a potential second messenger for PTHrP, regulated ERK phosphorylation by treating cells with 8-(4-chlorophenylthio)-cAMP, a long-acting cell-permeant cAMP mimetic. The compound caused a dose-dependent increase in levels of phosphorylated ERK with short-term exposure, but the effect was lost by 60 min (Fig. 7B ) and 24 h (data not shown). Finally, we measured cAMP levels after exogenous PTHrP treatment and compared levels in the vector and PTHrP-transfected clones. Acute exposure to PTHrP 1-34 significantly increased cAMP levels in H1944 cells, but levels in cells with elevated chronic production of the hormone were lower than control levels (P ϭ 0.065) in vector-transfected cells not exposed to the hormone (Fig. 7C) .
PTHrP effects in MV522 cells. Like H1944 cells, wild-type MV522 cells make no PTHrP, but do express PTH1R (data not shown). We generated two stable clones of MV522 cells transfected with the empty expression plasmid and three clones stably expressing PTHrP. These clones produced 500 Ϯ 183 pg/24 h compared with none in wild-type and vector-transfected cells. The PTHrP-producing MV522 cells incorporated thymidine significantly slower than the vector-transfected cells by ϳ25% (Fig. 8A) . The PTHrP-positive MV522 cells demonstrated 30% less cyclin A2 and 25% less cyclin D1, cyclin D2, and cyclin D3 than the PTHrP-negative control cells (Fig.  8B , P Ͻ 0.05). The effects of PTHrP on measures of CDK4/6 activity and CDK2 activity were similar to what we observed in H1944 cells. Thus PTHrP-expressing cells and PTHrP-null MV522 cells did not differ in the extent of phosphorylation of Rb (data not shown). Less cyclin A2 was immunoprecipitated with CDK2 from lysates of PTHrP-producing MV522 cells than from the control cells (Fig. 8C) . However, the amount of cyclin E2 associated with CDK2 was unaffected by PTHrP expression (data not shown). Finally, PTHrP-positive MV522 cells demonstrated greater levels of ERK phosphorylation than did the PTHrP-negative cells (Fig. 8D) .
DISCUSSION
This project extends previous work, suggesting that exogenous PTHrP 1-34 inhibited lung cancer cell proliferation (11) . The study presented here compared proliferation of two lines of lung adenocarcinoma cells that lacked PTHrP production with independent clones of the same cell type transfected with a PTHrP expression plasmid. We found evidence for reduced mitogenesis in the PTHrP-positive H1944 cell clones based on three separate measures: decreased incorporation of labeled thymidine into cellular DNA, reduced immunoreactivity for BrdU after 2-and 24-h incubations, and decreased cell numbers at 1, 2, and 4 days of incubation. The reduction in size, based on change in forward scatter, of the PTHrP-positive cells vs. the vector-transfected control cells is also consistent with more indolent growth, although other factors could also affect size. Transfection with PTHrP also inhibited DNA synthesis by MV22 cells, another lung adenocarcinoma line, and caused changes in cell cycle protein expression and activation similar to those in H1944 cells, supporting a common mechanism. Our earlier experiments demonstrated that PTHrP 1-34 inhibited growth of BEN cells, a squamous lung carcinoma cell line, in a dose-dependent fashion (11) . Anti-proliferative effects of PTHrP in three NSCLC lines and across two different histologies suggest that these actions could be a general response in NSCLC and not cell or histology specific.
The flow cytometry and immunoblotting experiments provided insight into the mechanisms that PTHrP could activate to reduce proliferation. The bivariate comparisons of BrdU uptake and DNA content suggested that PTHrP induces a block in G 1 . A small fraction of cells in G 2 /M also failed to take up BrdU and appeared to be blocked in that phase. The lower levels of cyclin D2 and higher levels of p27
Kip1 found on immunoblots in PTHrP-expressing cells compared with control cells suggest that PTHrP might decrease activity of CDK4 and/or CDK6. However, this mechanism does not hold, because ectopic PTHrP production did not reduce phosphorylation of Rb, the main substrate of CDK4 and CDK6 (22) . The effects on cyclin D2 may be inconsequential: cyclin D1 appears to be important for regulating proliferation in lung cancer cells (7), but it was not altered by PTHrP in H1944 cells.
PTHrP also mediated decreases in H1944 cell and MV522 cell cyclin A2 levels. Cyclin A2 is necessary for both the G 1 /S and G 2 /M transitions and has a role in stimulating DNA synthesis (32) . It can complex with and activate CDK2 and CDK1 (cdc2). In fact, we found decreased association between cyclin A2 and CDK2 in the PTHrP-positive lung cancer cell clones, suggesting that the hormone decreased activity of CDK2. This mechanism could explain the more sluggish cell cycle progression of PTHrP-expressing cells.
We were curious whether the increase in p27 induced by PTHrP had an impact on lung cancer cell proliferation. Knocking down levels of the CDK inhibitor in H1944 cells caused increased Rb phosphorylation and a slight increase in the rate of DNA synthesis. The results suggest that PTHrP might have a minor effect on cell growth rate through its effect on p27. p27 has complex effects on cell cycle kinetics. Some data suggest that the protein stabilizes CDK4/6-cyclin D complex formation and mediates complex translocation to the nucleus, actions that could stimulate rather than inhibit cell growth (29) . Thus increases in p27, as observed with PTHrP expression, could lead to opposing actions on Rb phosphorylation and unpredictable net results.
PTHrP 1-34 reduces proliferation in other cell types through mechanisms that involve the same cyclins and CDK inhibitors. In vascular smooth muscle cells, for example, PTHrP arrests cells in G1 by increasing p27
Kip and decreasing phosphorylation of Rb (8, 35) . The process involves protein kinase A. PTHrP signaling reduces osteoblast proliferation by reducing cyclin D1 expression, reducing CDK4/6 activity, and inhibiting CDK1. The PTHrP signaling pathways for osteoblasts can involve cAMP, protein kinase C, and ERK (4). Our laboratory has shown previously that PTHrP 1-34 stimulates cAMP in lung cancer cells (10) . In addition, we find that ectopic expression of PTHrP activates ERK in H1944 cells, similar to its effects in osteoblasts. ERK is normally considered to be a positive proliferative signaling agent, but its effect may vary, depending on the duration of the signal. Sustained activation of ERK, in particular, has been reported to exert anti-proliferative effects (3). In the H1944 cells, activation of ERK due to stable PTHrP transfection would fall into the category of a sustained process. Further work will be necessary to determine whether ERK phosphorylation contributes to the growth inhibition due to PTHrP. PTHrP is a multifunctional protein. Its amino terminus acts through PTH1R, but biological effects have also been ascribed to midmolecule and carboxy terminal portions of the protein (26) . These effects are presumably receptor mediated, although receptors have yet to be identified. PTHrP also contains a nuclear localizing sequence (14, 20, 25) . The molecule can escape the secretory pathway and enter the nucleus under direction of this sequence (14, 20, 25) . The nuclear actions of PTHrP, known as intracrine effects, regulate cell function and growth. Interestingly, the intracrine effects of PTHrP oppose the autocrine/paracrine effects on proliferation of vascular smooth muscle cells (8, 21) . The receptor-mediated effects of PTHrP 1-34 inhibit growth of the smooth muscle cells, while the intracrine effects are promitogenic.
Arguments could be made that the PTHrP effects we report in this study represent autocrine actions of amino terminal PTHrP acting on PTH1R to generate cAMP. Carboxy terminal sequences are excluded as mediators of the growth inhibition, because we transfected the lung cancer cells with a plasmid coding for PTHrP 1-87. This truncated protein lacks the nuclear localizing sequence, between residues 87 and 106, making intracrine effects unlikely. However, our results also show that chronic production of PTHrP does not lead to a chronic increase in intracellular cAMP in H1944 cells, presumably through receptor downregulation and other homeostatic mechanisms. Thus we cannot implicate PTH1R in the mechanism. For example, a midmolecule peptide within PTHrP 35-87 could be a growth inhibitor. In addition, PTHrP 1-87 could enter the nucleus passively without a nuclear localizing sequence (9), because its size is Ͻ60 kDa (23) . Further work will be necessary to establish whether the growth inhibitory effects of PTHrP in lung cancer depend on autocrine or paracrine vs. intracrine mechanisms and to identify the protein domains that are involved. Our laboratory's previous studies have suggested that PTHrP slows lung carcinoma progression and modifies outcome in patients with lung cancer. In one investigation, we gave mice with PTHrP-expressing orthotopic lung carcinomas neutralizing antibodies against PTHrP 1-34 or isotype control antibody (11) . The antibodies reduced tumor PTHrP levels and accelerated tumor growth, suggesting that PTHrP produced by the carcinoma restrained its growth. In a patient study, we discovered that women with lung carcinomas that made PTHrP survived close to 3 yr longer, on average, than women whose tumors did not make the protein (12) . Men, however, did not appear to enjoy the same benefit from PTHrP. The results of the present study provide a potential explanation for our previous findings on tumor growth and survival. Slower proliferation in the presence of PTHrP could represent the explanation for slower growth of PTHrP-positive lung carcinomas. In turn, slower tumor progression could contribute to longer survival of patients whose carcinomas express PTHrP. Thus PTHrP would appear to bear a causal relationship with slower lung carcinoma progression and long survival. Additional work is in progress to investigate the etiology for the sex dependence.
In summary, this study demonstrates that stable expression of PTHrP inhibits growth of two different lung carcinoma cell lines. The growth inhibition is associated with decreased expression of cyclin D2 and cyclin A2, increased expression of p27, decreased association of cyclin A2 and CDK2, and increased activation of ERK. The changes in the cyclins and p27 appeared to be posttranscriptional, because transcripts did not change while protein levels did. The implications of PTHrPmediated growth inhibition could be slower progression of tumors expressing PTHrP and prolonged patient survival compared with PTHrP-negative lung carcinomas. Work is necessary to explore the pathways(s) by which PTHrP inhibits lung cancer cell proliferation and investigate whether changes in cyclin A2, p27Kip1, CDK2 activity and phosphorylated ERK play a role in this process.
